INTRODUCTION {#SEC1}
============

Spliceosomal small nuclear RNAs (snRNAs) are essential components of the spliceosome and three of them---U2, U5 and U6---form the catalytic center of this complex. snRNAs enter the splicing reaction associated with proteins in complexes called small nuclear ribonucleoprotein particles (snRNPs). Before snRNPs join the spliceosome, they undergo a complex maturation pathway that involves several chaperon complexes, including PRMT5, SMN and R2TP/HSP90 \[reviewed in ([@B1])\]. All spliceosomal snRNAs transcribed by RNA polymerase II are after their synthesis exported to the cytoplasm, where they are bound by Gemin5 of the SMN complex ([@B5]). The SMN complex together with the PRMT5 complex promotes assembly of a heptameric Sm ring around the Sm binding site ([@B8]). Following the Sm ring formation, the monomethyl 5′ cap is trimethylated and the 3′ end is trimmed. Both the Sm ring and the trimethyl cap are key signals for re-import of a newly formed core snRNP back into the nucleus \[reviewed in ([@B12])\]. In the cell nucleus, newly imported snRNPs first appear in Cajal bodies, where snRNAs are post-transcriptionally modified and snRNP biogenesis is finalized by addition of snRNP-specific proteins ([@B13],[@B14]). snRNP-specific proteins are folded and pre-assembled in the cytoplasm by SMN and R2TP/HSP90 chaperon complexes and imported into the nucleus independently of core snRNPs ([@B15]). The mature snRNPs leave the Cajal body and participate in pre-mRNA splicing ([@B18]).

Along the snRNP biogenesis pathway, there are several quality control checkpoints that safeguard the formation of key assembly intermediates. Newly transcribed pre-snRNAs are in the nucleus processed at their 3′ end by the integrator complex ([@B19]). Several studies have reported that misprocessed pre-snRNAs are oligouridylated \[oligo(U)\] at the 3′ end and subsequently targeted by oligo(U)-specific exoribonuclease DIS3L2 ([@B20]). New pre-snRNAs interact with coilin and accumulate in Cajal bodies, where they are retained until the export complex is formed ([@B23]). After export to the cytoplasm, pre-snRNAs associate with the SMN complex that orchestrates the cytoplasmic phase and Sm ring formation ([@B4],[@B9],[@B26]). Sm proteins themselves are tightly regulated by controlled association with ribosomes and the PRMT5 complex ([@B2],[@B27],[@B28]). The Sm ring targets core snRNPs back to the nucleus and to Cajal bodies, where core snRNPs are sequestered until their final maturation ([@B18],[@B29]). Inhibition of the Sm ring assembly leads to destabilization of Sm proteins and snRNAs in somatic cells ([@B27],[@B32],[@B33]). Truncated snRNA transcripts that fail to acquire the Sm ring are localized to cytoplasmic P-bodies. There are two major exoribonucleolytic activities in the cytoplasm of mammalian cells: the 5′→3′ exonuclease XRN1 and the 3′→5′ trimming catalyzed by the RNA exosome ([@B34]). However, oligo(U) tailed RNAs are primarily targeted by 3′→5′ exoribonuclease DIS3L2 and in some specific coding and noncoding RNAs also by ERI1 and USB1 ([@B35],[@B36]). Previous studies proposed that truncated snRNA transcripts are primarily degraded by the 5′→3′ exonuclease XRN1 because downregulation of the 3′ to 5′ decay factors such as DIS3L2 and exosome did not lead to stabilization of truncated U1 and U2 snRNA transcripts lacking the Sm binding site ([@B32],[@B33],[@B37]). The XRN1-mediated decay depends on additional reactions, such as the 5′ cap removal by DCP2 that functions in a complex with DCP1 ([@B38]). The DCP2 activity is further enhanced by the conserved Pat1/LSm1--7 complex ([@B41]). The Lsm1--7 proteins form a ring that interacts with 3′ oligouridylated or oligoadenylated RNAs *in vivo* and displays higher affinity to oligo(U) *in vitro* ([@B35],[@B45]).

One of the key questions remaining is how cells distinguish between functional and defective snRNA/snRNP. The Cajal body targeting and accumulation of incomplete snRNPs depends on splicing factor SART3 and Sm proteins ([@B18],[@B31]). In the cytoplasm, Gemin5 was suggested to be the factor that recognizes U1 snRNA lacking the Sm site and sequesters them in P-bodies ([@B7],[@B50]). In this study, we use microinjection of fluorescently labeled snRNAs, expression of MS2-tagged snRNAs and *in situ* detection of endogenous snRNAs to monitor localization of snRNAs lacking the Sm binding site and/or the Sm ring and to identify proteins that interact with these defective snRNAs. We combined these approaches with knockdown and knockout of proteins implicated in the cytoplasmic RNA decay and determined factors important for P-body accumulation and degradation of U1 and U2 snRNAs without the Sm ring.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

T-REx-HeLa (Invitrogen) DIS3L2^KO^ and DIS3L2^KO+D391N^ cell lines were prepared as described previously ([@B20],[@B51]). See [Supplementary Figure S1](#sup1){ref-type="supplementary-material"} for induced expression of DIS3L2^D391N^ in the DIS3L2^KO+D391N^ cell line. T-REx-HeLa and HEK DIS3L2^KO^ and DIS3L2^KO+D391N^ cell lines ([@B20],[@B51]) were cultured in Dulbecco's modified Eagle's medium containing 4.5 g glucose/l (Sigma) supplemented with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin (Gibco). The T-REx-HeLa DIS3L2^KO+D391N^ and HEK DIS3L2^KO+D391N^ cell lines was supplemented with 10% FBS tetracycline-free (Biosera) and 1% penicillin and streptomycin (Gibco).

Plasmids {#SEC2-2}
--------

The U2 snRNA-MS2 construct, which includes the promoter sequence (bp 563 nt upstream of U2 transcription start site), was prepared from HeLa genomic DNA as described earlier ([@B31]). Deletion of the Sm site (U2ΔSm-MS2) was performed by site-directed mutagenesis using primers DelU2Sm-F and DelU2Sm-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Insertion of the XRN1-resistant sequence (GGGCGTAACCTCCATCCGAGTTGCAAGAGAGGAAACGCAGTCTC) to the 5′ end of the U2 snRNA to create U2wt_xrRNA-MS2 and U2ΔSm_xrRNA-MS2 was done by site-directed mutagenesis using primers xrRNA-F and xrRNA-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

The U1 snRNA construct, which contains an endogenous promoter and the U1 snRNA sequence, was kindly provided by F. Pagani (ICGEB, Trieste, Italy). The MS2 loop was inserted into stem loop IV by site-directed mutagenesis using primers U1-MS2-F and U1-MS2-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The U1 snRNA-MS2 construct lacking the Sm site (U1ΔSm-MS2) was created by site-directed mutagenesis using primers DelU1Sm-F and DelU1Sm-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Lsm1 was cloned from total HeLa RNA by reverse transcription (RT) followed by polymerase chain reaction (PCR) using specific primers Lsm1-F and Lsm1-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and cloned into the GFP-N2 vector (Clontech) using EcoRI/BamHI restriction sites.

Antibodies {#SEC2-3}
----------

For indirect immunostaining, we used anti-coilin (5P10) antibody, kindly provided by M. Carmo-Fonseca (Institute of Molecular Medicine, Lisboa), anti-DDX6 antibody (Promega), anti-Gemin2 antibody (Santa Cruz), anti-SMN 2B1 antibody (Santa Cruz) and anti-Gemin5 antibody (Millipore). Secondary anti-mouse antibodies conjugated with Alexa-647 and Alexa-405 (Invitrogen) were used. For immunoprecipitation, we used anti-goat GFP antibodies kindly provided by Pavel Tomancak (MPI-CBG Dresden, Germany) and mouse anti-FLAG M2 (Sigma). For western blotting, we used mouse anti-GFP (Santa Cruz), mouse anti-XRN1 (C-1; Santa Cruz), mouse anti-DCP2 (Santa Cruz) and anti-DIS3L2 ([@B51]). Secondary goat anti-mouse or anti-rabbit antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories) were used.

RNAi {#SEC2-4}
----

siRNAs used in this study were XRN1 (5′-GAGAGUAUAUUGACUAUGAtt-3′, 20 nM, Thermo Fisher), SmB/B′ (5′-UCUACUGUCAUUGAGACCAga-3′, 20 nM, Thermo Fisher), DCP2 (5′-CUUGCUCGUUUGUACAUCAtt-3′, 20 nM, Thermo Fisher), Lsm1 (5′-GAAGGACACUUAUAGGCUUtt-3′, 20 nM, Thermo Fisher) and esiRNA SMN1 (5′-CCAGAGCGATGATTCTGACATTTGGGATGATACAGCACTGATAAAAGCATATGATAA, 20 nM, Sigma-Aldrich). siRNAs were transfected with Oligofectamine (Invitrogen) according to the manufacturer's protocol. Cells were microinjected or fixed 48 h (siRNAs SmB/B′, DCP2, Lsm1) or 72 h (siRNAs SMN, XRN1) after transfection. The 'negative control 5' siRNA from Invitrogen was used as a negative control. Control western blots that document RNAi-induced protein degradation are presented in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}.

*In vitro* transcription {#SEC2-5}
------------------------

All DNA templates for *in vitro* transcription were prepared by PCR using Phusion polymerase (Biolab) and plasmids containing either full-length snRNA or snRNA lacking the Sm site (ΔSm) as templates as described previously ([@B31]). The template of the U2ΔSmΔSMN mutant was created by PCR using Phusion polymerase (Biolab) with specific primers T7-U2-F and U2ΔSm-R (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Fluorescently labeled RNAs were prepared as described previously ([@B31]) by *in vitro* transcription using a Megashortscript III kit (Thermo Fisher) containing UTP-Alexa-488 (Thermo Fisher) and trimethylated cap analog (m~3~^2,2,7^G(5′)ppp(5′)G) (Jena Bioscience) or monomethyl cap analog (m^7^G(5′)ppp(5′)G) (Thermo Fisher). After synthesis, RNA was isolated by phenol/chloroform extraction, precipitated and dissolved in nuclease-free water. RNA was diluted in a solution containing Dextran-TRITC 70 kDa (Sigma-Aldrich) to the final concentration of 200 ng/μl.

Microinjection {#SEC2-6}
--------------

HeLa cells were grown on glass coverslips for 24 h and RNA was microinjected using InjectMan 2 coupled with FemtoJet (Eppendorf) as described previously ([@B31]) using injection pressure (*P*~i~) of 170 hPa and compensation pressure (*P*~c~) of 50 hPa. The cells were incubated for 60 min at 37°C and then fixed. TRITC-Dextran (MW 70 kDa; Sigma) was used at a final concentration of 10 μg/μl from a stock solution (40 μg/μl) and mixed with the injected snRNA as a marker.

Indirect immunofluorescence and image acquisition {#SEC2-7}
-------------------------------------------------

HeLa cells grown on coverslips were washed with phosphate-buffered saline (PBS) and fixed with 4% (w/v) paraformaldehyde in piperazine-*N*,*N*′-bis(2-ethanesulfonic acid) (PIPES) for 20 min at room temperature. Cells were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 5 min at room temperature and blocked with 5% goat serum in PBS (Jackson ImmunoResearch) for 10 min at room temperature. The cells were then incubated with primary and secondary antibodies for 1 h each at room temperature. Images were acquired using the DeltaVision microscopic system (Applied Precision) coupled to an Olympus IX70 microscope equipped with an oil immersion 63× objective/1.42 NA Photometrics CoolSNAP HQ2 camera (Princeton Instruments) and acquisition software SoftWorx (Applied Precision). Stacks of 20 z-sections with 200 nm z-steps were collected per sample and subjected to mathematical deconvolution using SoftWorx software. Maximal projections of deconvolved pictures were generated by SoftWorx and are presented.

snRNP precipitation {#SEC2-8}
-------------------

Immunoprecipitation was performed as previously described ([@B52]) using goat anti-GFP antibodies 24 h after transfection of MS2-snRNAs + MS2-YFP or Lsm1-GFP ([@B31]). Briefly, cells were washed in PBS, scrapped into a tube and resuspended in NET-2 buffer (50 mM Tris--HCl, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40) supplemented with protease inhibitor cocktail (Calbiochem) and pulse sonicated on ice (3 × 30 pulses, each pulse 0.5 s at 40% of maximum energy). The cell lysate was centrifuged at 20 000 × *g* and the supernatant was immunoprecipitated overnight at 4°C with 7.5 μg of goat anti-GFP antibodies pre-bound to 20 μl of Protein-G Agarose beads (Santa Cruz). RNA was extracted using phenol/chloroform, resolved in polyacrylamide gel containing 7 M urea and stained with silver. The immunoprecipitated proteins were resuspended in 30 μl of 2× sample buffer (0.25 M Tris--HCl, pH 6.8, 20% glycerol, 4% sodium dodecyl sulfate, 2% β-mercaptoethanol, 0.02% bromphenol blue), resolved in 12% polyacrylamide gel and detected by western blotting.

3′ RACE-based detection of the uridylation status of snRNA 3′ ends {#SEC2-9}
------------------------------------------------------------------

T-REx-HeLa control cell line and DIS3L2^KO+D391N^ cell line were grown to 50% confluence. The cells were transfected with 20 nM control or Xrn1 siRNAs using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol. After 48 h incubation at 37°C, the cells were transfected with one of the plasmids expressing different forms of U1 and U2 snRNAs (U1wt-MS2, U1ΔSm-MS2, U2wt-MS2 and U2ΔSm-MS2) using Turbofect (Thermo Scientific) according to the manufacturer's protocol. The DIS3L2 expression was induced with doxycycline (100 ng/ml) 16 h prior to harvesting (56 h after the first siRNA treatment). Cells were harvested and the small RNA fraction was isolated using TriPure Isolation Reagent (Roche) followed by selective RNA precipitation as described previously ([@B20]). Purified RNA was treated with Turbo DNase (Ambion) followed by phenol/chloroform extraction and isopropanol precipitation. Small RNA (1.7 μg) was incubated with 2 μl of 10 μM of the L3AppDNA 3′ terminal linker (5rApp/AGATCGGAAGAGCACACGTCT/3ddC, IDT) and 200 U of the T4 RNA Ligase2, truncated K227Q (New England BioLabs) in 20 μl of total reaction volume at 16°C overnight. RNA was reverse-transcribed with SuperScript III (Invitrogen) using RT-CLIP2 primer. Equal amounts of RNA were used for the linker ligation step and master mixes were used when comparing different cell lines and samples. PCR was typically performed with linker-specific reverse and forward gene-specific primers. The PCR products were isolated from the gel, cloned into pDRIVE (Qiagen) and analyzed by Sanger sequencing.

RNA immunoprecipitation {#SEC2-10}
-----------------------

Cells grown to 80% confluence were washed with ice-cold PBS and UV cross-linked (2 × 200 mJ of 254 nm UV). Cells were collected, frozen in liquid nitrogen and stored at −80°C. Pellets were placed on ice and lysed in lysis buffer \[LB, containing 50 mM Tris, pH 7.5, 0.5% Triton X-100, 150 mM NaCl, supplemented with 1 mM dithiothreitol, protease inhibitor cocktail (Roche) and RNase inhibitor RNAsin (Promega)\] and the insoluble fraction was sedimented by centrifugation. FLAG-tagged DIS3L2^D391N^ was immunoprecipitated using anti-FLAG M2 Magnetic Beads (Sigma). Bound protein--RNA complexes were extensively washed with LB containing 300 mM NaCl and treated with Turbo DNase (Ambion). Material was released from the beads by incubation with 4 U of Proteinase K (NEB) for 1 h at 37°C and again with 4 U for 1 h at 45°C. RNA was purified using phenol/chloroform extraction and precipitated with isopropanol. The same RNA amount from all samples was used for further processing. Enzymes and chemicals were scaled according to the RNA amount for each experiment. 3′ Linker ligation and reverse transcription were performed as mentioned earlier.

RT-qPCR analysis {#SEC2-11}
----------------

RNA was isolated from immunoprecipitation by phenol/chloroform extraction and analyzed by RT-qPCR. RT was performed using SuperScript III RT (Invitrogen) and random hexamers (Eastport). The synthesis was performed as follows: 5 min at 65°C, 5 min at 25°C and 1 h at 50°C. The inactivation was 15 min at 75°C. The cDNA was analyzed by qPCR using a Roche Light Cycler 480 standard protocol (45 cycles, 60°C annealing). To detect U1-MS2 and U2-MS2 snRNAs, MS2-rev primer was used for RT and U1WT-F and U2WT-F and MS2-rev for PCR. The primers used to amplify individual snRNAs are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Fluorescence *in situ* hybridization {#SEC2-12}
------------------------------------

Cy3-labeled DNA probes were used against U1, U2 and U4 snRNAs as previously described ([@B18]):

1.  U1 snRNA: 5′Cy3-CCTTCGTGATCATGGTATCTCCCCTGCCAGGTAAGTAT-3′

2.  U2 snRNA: 5′Cy3-GAACAGATACTACACTTGATCTTAGCCAAAAGGCCGAGAAGC-3′

3.  U4 snRNA: 5′Cy3-TCACGGCGGGGTATTGGGAAAAGTTTTCAATTAGCAATAATCGCGCCT-3′

Forty-eight to seventy-two hours after siRNA transfection, cells were fixed in 4% paraformaldehyde/PIPES (Sigma) for 15 min, permeabilized with 0.5% Triton X-100 for 5 min and incubated with anti-DDX6 antibodies as a marker of P-bodies followed by incubation with secondary antibody conjugated with Alexa-647 (Life Technologies). Cells were again fixed in 4% paraformaldehyde/PIPES for 5 min, quenched for 5 min in 0.1 M glycine/0.2 M Tris, pH 7.4, and incubated with Cy3-labeled probes in 2× SSC/50% formamide/10% dextran sulfate/1% bovine serum albumin for 60 min at 37°C. After washing in 2× SSC/50% formamide, 2× SSC and 1× SSC, coverslips were mounted to microscope slides using Fluoromount G containing 4′,6-diamidino-2-phenylindole (DAPI) (Southern Biotech) for DNA staining. Images were collected using a DeltaVision microscope system as described earlier.

RESULTS {#SEC3}
=======

snRNAs lacking the Sm ring localize into P-bodies {#SEC3-1}
-------------------------------------------------

We used three independent approaches to monitor the subcellular localization of snRNAs with or without the Sm ring. First, we prepared expression vectors containing natural U1 or U2 snRNA promoters followed by U1 or U2 snRNA natural sequences. We inserted an MS2 binding site into the stem loop IV of U1 snRNA and into the stem loop IIb of U2 snRNA (Figure [1A](#F1){ref-type="fig"}). We have previously shown that the U2-MS2 snRNA correctly assembled with Sm proteins and U2-specific proteins *in vivo* ([@B31]). To test whether the U1-MS2 snRNA binds Sm proteins and U1-specific proteins, we co-transfected U1-MS2 snRNA with an expression plasmid encoding MS2 protein tagged with YFP (MS2-YFP) and immunopurified MS2-YFP-bound U1-MS2 snRNPs by anti-GFP antibodies that cross-react with the YFP protein. Although we cannot prove that MS2-containing snRNAs are splicing competent, western blot analysis of co-precipitated proteins showed that the insertion of the MS2 binding site did not inhibit binding of Sm proteins and U1-specific proteins U1A and U1-70K to U1-MS2 snRNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). To test the effect of Sm site deletion on MS2-tagged snRNA localization, we removed the Sm binding site from U1-MS2 and U2-MS2 snRNAs (U1ΔSm-MS2 and U2ΔSm-MS2) and co-expressed them with the MS2-YFP protein (Figure [1A](#F1){ref-type="fig"}). Whereas the wild-type (WT) snRNAs accumulated in nuclear Cajal bodies, snRNAs lacking the Sm site accumulated in the cytoplasm, where they co-localized with P-body marker DDX6 (Figure [1B](#F1){ref-type="fig"}).

![snRNAs with the Sm binding site localize to P-bodies. (**A**) The MS2 binding site was inserted into the U2 snRNA (stem loop IIb) and U1 snRNA (stem loop IV). Either full-length snRNAs or snRNAs lacking the Sm binding site were used for MS2 insertion. (**B**) MS2-tagged snRNAs were co-expressed with MS2-YFP protein and their localization in Cajal bodies (left panel) and P-bodies (right panel) was monitored. WT snRNAs localized to Cajal bodies, while deletion of the Sm motif retargeted ΔSm snRNAs into P-bodies. (**C**) *In vitro* transcribed snRNAs labeled with Alexa-488-UTP were microinjected into the cytoplasm of HeLa cells together with TRITC-labeled Dextran-70kDa (left panel; yellow). Dextran-70kDa does not cross the nuclear membrane and thus serves as a marker of cellular compartment where snRNAs were microinjected. In some cells, Dextran-70kDa accumulated in distinct cytoplasmic spots, and in a few cases these spots were localized next to P-bodies (see also Figure [3](#F3){ref-type="fig"}). Localization of WT snRNAs in Cajal bodies and ΔSm snRNAs in P-bodies was monitored. Cajal bodies were detected by indirect immunofluorescence of their marker coilin, and P-bodies by immunodetection of DDX6 (red). MS2-YFP and microinjected snRNAs were directly localized by fluorescence microscopy (green). DNA was labeled by DAPI (blue). Cajal bodies and P-bodies marked by arrows were magnified two times in insets. Bars represent 5 μm.](gkaa301fig1){#F1}

A second approach was based on microinjection of fluorescently labeled snRNAs into the cytoplasm of human cells. snRNAs, either full length or without the Sm site, were *in vitro* transcribed in the presence of Alexa-488-UTP that allows for direct detection by fluorescence microscopy. After purification, snRNAs were microinjected into the cytoplasm of HeLa cells together with Dextran-70kDa-TRITC to monitor the injection site. After 1 h incubation, the cells were fixed and localization of microinjected snRNAs was detected by fluorescence microscopy. Both WT U1 and U2 snRNAs were transported to the nucleus, where they accumulated in Cajal bodies as previously described ([@B31]). Consistently with the localization of ΔSm-MS2 snRNAs, microinjected snRNAs lacking the Sm site remained in the cytoplasm and accumulated in P-bodies (Figure [1C](#F1){ref-type="fig"}).

Finally, we prevented formation of the complete Sm ring by RNAi-mediated knockdown of the SmB/B′ protein, an essential component of the Sm ring. A subcore snRNP lacking SmB/B′ and D3 proteins has been described *in vitro* ([@B8]), but whether it is able to stabilize snRNAs *in vivo* is currently unclear. We monitored the localization of endogenous snRNAs by *in situ* hybridization and revealed a P-body accumulation of endogenous snRNAs upon SmB/B′ knockdown (Figure [2A](#F2){ref-type="fig"}). This result is consistent with our previous data and suggests that if the subcore snRNP without SmB/B′ is formed, it is not able to prevent snRNA accumulation in P-bodies. It should be noted that the P-body accumulation of snRNAs after depletion of SmB/B′ was not observed in all cells. Surprisingly, not all P-bodies within a single cell contained the snRNA signal. However, those P-bodies that accumulated snRNAs also showed a signal for SMN complex components---the SMN protein, Gemin2 and Gemin5 (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The SMN protein is a scaffolding protein of the SMN complex. To test whether the SMN protein is important for accumulation of Gemin2 and Gemin5 in snRNA-positive P-bodies, we knocked down SmB/B′ together with the SMN protein and monitored the P-body localization of endogenous U2 snRNA together with Gemin2 and Gemin5 ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Our data show that Gemin2 and Gemin5 co-localize with U2 snRNA in P-bodies independently of the SMN protein.

![Knockdown of SmB/B′ protein induces snRNA localization to P-bodies. (**A**) SmB/B′ was downregulated by siRNA treatment and localization of snRNAs determined by *in situ* hybridization (green). P-bodies were visualized by immunodetection of DDX6 (red). DNA is labeled by DAPI (blue). (**B**) SmB/B′ was downregulated and snRNAs and DDX6 detected as in (**A**). SMN protein was localized by indirect immunofluorescence (blue). P-bodies marked by arrows were magnified two times in insets. Bars represent 5 μm.](gkaa301fig2){#F2}

SMN and Gemin5 are not essential for snRNA P-body localization {#SEC3-2}
--------------------------------------------------------------

It has been suggested that the SMN complex, and specifically Gemin5, targets truncated snRNAs lacking the Sm site into P-bodies, likely via an interaction with the monomethyl 5′-cap ([@B7],[@B50]). To test this hypothesis, we prepared U2 mutants lacking either the Sm site only (U2ΔSm) or lacking the Sm site together with stem loops III and IV at the 3′ end (U2ΔSmΔSMN). Stem loops III and IV were previously shown to interact with the SMN complex ([@B31],[@B53]). Because Gemin5 specifically binds the Sm site and the 5′-monomethyl but not the trimethylated cap ([@B6],[@B7]), we *in vitro* transcribed U2ΔSmΔSMN snRNA in the presence of the trimethylated cap analog (m~3~^2,2,7^G(5′)ppp(5′)G) to prevent binding of Gemin5. *In vitro* prepared snRNAs were microinjected into the cytoplasm and after 1 h incubation their localization in P-bodies was monitored. The snRNA lacking both the Sm and SMN binding sites (U2ΔSmΔSMN) still localized to P-bodies. However, P-bodies that contained the U2ΔSmΔSMN snRNA did not accumulate either SMN or Gemin5 proteins, while both proteins localized in P-bodies positive for the U2ΔSm snRNA (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). These results show that the 5′ monomethyl cap and Sm and SMN binding sites are not essential for P-body accumulation.

![P-body localization of ΔSm snRNAs is SMN/Gemin5 independent. *In vitro* transcribed snRNAs labeled with Alexa-488-UTP (green) were microinjected into the cytoplasm of HeLa cells. The microinjection site was determined by co-injection of TRITC-Dextran-70kDa (yellow). snRNAs contain the trimethyl cap at the 5′ end and lack either (**A**) the Sm binding site (U2ΔSm) or (**B**) both the Sm and SMN binding sites (U2ΔSmΔSMN). DDX6 (red), a marker of P-bodies, SMN and Gemin5 (blue) were detected by indirect immunofluorescence. P-bodies marked by arrows were magnified two times in insets. Bars represent 5 μm.](gkaa301fig3){#F3}

snRNAs lacking the Sm binding site are unstable {#SEC3-3}
-----------------------------------------------

Next, we decided to identify factors that recognize defective snRNAs devoid of the Sm ring and target them to P-bodies. To determine proteins that interact with ΔSm snRNA, we co-transfected cells with U1-MS2 snRNA (either WT or ΔSm) and MS2-YFP and precipitated MS2-YFP-bound snRNPs by anti-GFP antibodies. However, U1ΔSm-MS2 snRNA was highly unstable and we were not able to isolate any detectable amount of U1ΔSm-MS2 snRNA (data not shown). The XRN1 exonuclease was suggested to degrade defective snRNAs ([@B32]). In order to stabilize ΔSm snRNA and characterize proteins bound to this defective snRNA, we decided to prevent ΔSm snRNA degradation by XRN1 and inserted an XRN1-resistant (xrRNA) sequence into U2 snRNA ([@B54]). The U2wt_xrRNA-MS2 RNA localized properly to Cajal bodies and U2ΔSm_xrRNA-MS2 to P-bodies ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). However, we did not observe any stabilization of the U2ΔSm_xrRNA-MS2 RNA, and only U2wt_xrRNA-MS2 snRNA was recovered after MS2-YFP immunoprecipitation ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}).

Insertion of the xrRNA sequence did not stabilize snRNA without the Sm site, which suggests that additional degradation machineries are involved in ΔSm snRNA clearance. Therefore, we decided to concomitantly eliminate 5′→3′ and 3′→5′ cytoplasmic degradation machineries as another attempt to stabilize and characterize snRNPs without the Sm site. The knockout of 3′→5′ exonuclease DIS3L2 stabilized snRNA pseudogenes and snRNA precursors ([@B20]) and we speculated that DIS3L2 may also be involved in degradation of defective snRNAs lacking the Sm ring. Therefore, we expressed U1ΔSm-MS2 snRNA in DIS3L2 knockout (DIS3L2^KO^) HEK cells ([@B20]) and reduced 5′→3′ degradation by RNAi-mediated depletion of XRN1 (Figure [4](#F4){ref-type="fig"}) or DCP2 ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). In parallel, we expressed U1ΔSm-MS2 snRNA in DIS3L2^KO^ cells expressing the catalytically inactive DIS3L2 mutant (DIS3L2^KO+D391N^), which was previously shown to stabilize extended precursors of snRNAs ([@B20],[@B21],[@B55]). We observed partial stabilization of U1ΔSm snRNA in both DIS3L2^KO^ and DIS3L2^KO+D391N^ cell lines, which was further enhanced by downregulation of 5′→3′ degradation factors XRN1 and DCP2 (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). However, in neither case the amount of co-precipitated U1ΔSm-MS2 snRNA reached the level of WT U1-MS2 snRNA, and we were unable to characterize proteins co-precipitating with U1ΔSm-MS2 snRNA.

![Deletion of the Sm site destabilizes U1 snRNA. U1wt-MS2 or U1ΔSm-MS2 were co-expressed with MS2-YFP in HEK293 DIS3L2^KO^ HEK cells (left panel) or DIS3L2^KO^ HEK cells conditionally expressing the catalytically inactive DIS3L2-D391N mutant (DIS3L2^KO+D391N^, right panel). MS2-tagged snRNAs were immunoprecipitated via MS2-YFP, resolved in acrylamide UREA gels and silver stained. XRN1 protein was downregulated by RNAi. U1wt-MS2 was clearly visible after immunopurification, while only a weak signal was observed for U1ΔSm-MS2 snRNA even after knockdown of XRN1. Expression of MS2-YFP served as a negative control. Note a diffuse band migrating above mature U1 snRNAs (marked by an asterisk), which indicates non-templated 3′ end extension.](gkaa301fig4){#F4}

Sm ring-less snRNAs contain non-templated 3′ oligouridines and interact with DIS3L2 {#SEC3-4}
-----------------------------------------------------------------------------------

In both DIS3L2^KO^ and DIS3L2^KO+D391N^ cell lines, we observed heterogeneous RNAs migrating above the mature U1-MS2 snRNA (marked by an asterisk in Figure [4](#F4){ref-type="fig"}), which indicates non-templated tailing as observed previously ([@B20],[@B21],[@B37]). To test whether episomally expressed snRNAs are targets of terminal uridylyl transferases (TUTases), we expressed U1wt-MS2 and U1ΔSm-MS2 T-REx-HeLa, isolated the fraction of short RNAs and analyzed 3′ ends of several clones derived from isolated RNAs by RACE using MS2-specific primers (Figure [5A](#F5){ref-type="fig"}). Non-templated uridines were detected in the majority of the U1ΔSm-MS2 clones, while only one of the WT clones contained untemplated 3′ oligo(U) extensions. To analyze whether episomally expressed snRNAs are recognized by DIS3L2, we expressed both U1 and U2 variants without the Sm site in the DIS3L2^KO+D391N^ cell line. Catalytically inactive DIS3L2^D391N^, which contained the FLAG peptide, was then immunoprecipitated by the anti-FLAG antibody ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}) and the bound snRNAs were analyzed using MS2-specific and 3′ end linker-specific primers to detect only the episomally expressed snRNAs (Figure [5B](#F5){ref-type="fig"}). Both WT and ΔSm snRNAs co-purified with Flag-DIS3L2^D391N^, which shows that under these conditions DIS3L2 interacts with both WT and defective snRNAs lacking the Sm motif.

![snRNAs without the Sm site contain improperly processed oligouridylated 3′ ends. (**A**) The WT and Sm mutant U1 snRNAs (U1wt-MS2 and U1ΔSm-MS2, as in Figure [4](#F4){ref-type="fig"}) were transiently expressed in Hela cells and their 3′ ends were analyzed by RT-PCR and sequencing using the 3′ end linker-specific and MS2-specific primers (as indicated in the scheme on top). The untemplated nucleotides are marked in red. (**B**) Catalytically inactive DIS3L2^D391N^ interacts with WT and ΔSm snRNAs. RT-PCR analysis of U1 and U2 WT and ΔSm U1 and U2 snRNAs episomally expressed in genetically modified HeLa cells expressing only catalytically inactive DIS3L2 (DIS3L2^KO+D391N^) in the presence of either control non-targeting siRNAs (siRNA NC) or siRNAs targeting *XRN1* mRNA (siRNA XRN1). The upper panel (3′ end) for U1-MS2 snRNA shows PCR products using 3′ end linker and MS2 primers. The lower panel (body) shows PCR products obtained with MS2 and U1 snRNA gene-specific reverse primer. PCR ctrl is a control without any cDNA. -RT is a control where no reverse transcriptase was added in the RT step of the reaction.](gkaa301fig5){#F5}

To analyze the presence of non-templated oligo(U) at the 3′ end of DIS3L2-bound snRNAs, we expressed WT and ΔSm-MS2 snRNAs in the DIS3L2^KO+D391N^ T-REx-HeLa cell line, immunoprecipitated Flag-DIS3L2^D391N^ and sequenced several clones derived from co-precipitated snRNAs (Figure [6](#F6){ref-type="fig"}). The results revealed the presence of oligo(U) at the 3′ end of both WT and ΔSm snRNAs. Deletion of the Sm site enhanced the 3′ uridylation of U1 snRNA and inhibited correct trimming of the U2 3′ termini. Downregulation of XRN1 by RNAi did not influence the level or oligo(U) outcome of U1 snRNA ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"} and Figure [5B](#F5){ref-type="fig"}). Together, these results show that snRNAs lacking the Sm site are uridylated and that DIS3L2 binds these snRNAs.

![DIS3L2^D391N^ binds oligouridylated snRNAs. (**A**) WT and ΔSm-MS2 U1 snRNAs (U1wt-MS2 and U1ΔSm-MS2) and (**B**) WT and ΔSm-MS2 U2 snRNAs (U2wt-MS2 and U2ΔSm-MS2) were episomally expressed in the DIS3L2^KO+D391N^ T-REx-HeLa cell line. RNAs co-precipitated with Flag-DIS3L2^D391N^ were analyzed by RT-PCR and sequenced using MS2-specific and 3′ end linker-specific primers. The sequencing results are aligned and the scheme above shows the regions corresponding to the mature snRNAs and, wherever detected, also the regions corresponding to 3′ terminal encoded extensions of U1 or U2 snRNAs. The post-transcriptionally added non-templated oligonucleotides (oligo(Us)) are marked in red. The dashed lines in U2ΔSm-MS2 sample depict the Sm site deletion.](gkaa301fig6){#F6}

LSm1 protein is involved in P-body targeting of snRNAs without the Sm ring {#SEC3-5}
--------------------------------------------------------------------------

However, the association of ΔSm snRNAs with DIS3L2 does not explain why snRNAs without the Sm ring accumulate in P-bodies, because human DIS3L2 is not accumulated in these cytoplasmic structures but is rather dispersed throughout the cytoplasm ([@B56]). Potential candidates for ΔSm snRNA targeting to P-bodies are LSm proteins 1--7, which localize to P-bodies and strongly bind oligo(U) ([@B46],[@B57]). To test whether LSm1--7 proteins interact with WT snRNAs lacking the Sm ring, we knocked down the SmB/B′ protein and transiently expressed LSm1-GFP. Next, we performed immunoprecipitation using anti-GFP antibodies and analyzed snRNAs co-precipitated with LSm1-GFP by RT-qPCR (Figure [7A](#F7){ref-type="fig"} and [Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}). Under physiological conditions, the association of LSm1-GFP with snRNAs was negligible. However, downregulation of SmB/B′ enhanced association of all snRNAs (except the U6 snRNA) with LSm1-GFP. Next, we tested whether the LSm1 protein is important for localization of snRNAs without the Sm ring into P-bodies. We concomitantly downregulated LSm1 and SmB/B′ and detected endogenous U2 snRNA by *in situ* hybridization (Figure [7B](#F7){ref-type="fig"}). In parallel, we downregulated LSm1 and transiently expressed U2ΔSm-MS2 snRNA lacking the Sm site (Figure [7C](#F7){ref-type="fig"}). Reduction of LSm1 expression partially lowered the number P-bodies per cell as described previously ([@B58]), but in both cases the knockdown of LSm1 reduced localization of U2 snRNA without the Sm ring in the P-bodies. These data strongly indicate that the LSm1--7 proteins are involved in targeting snRNAs devoid of the Sm ring into these cytoplasmic structures.

![Lsm1 protein interacts with ΔSm snRNAs and targets them to P-bodies. (**A**) Sm ring formation was inhibited by knockdown of SmB/B′ and the interaction of snRNAs with LSm1-GFP was assayed by Lsm1-GFP immunoprecipitation followed by RT-qPCR. The amount of co-precipitated snRNAs was normalized to input. NC siRNA: negative control siRNA. (**B**) Sm ring formation was inhibited by knockdown of SmB/B′ and the localization of endogenous U2 snRNA was assayed by *in situ* hybridization (green) before or after the treatment with siRNA against LSm1. (**C**) P-body accumulation of U2ΔSm snRNA after the knockdown of LSm1 was monitored by MS2-YFP (green). P-body marker DDX6 was visualized by indirect immunofluorescence (red). DNA was stained by DAPI (blue). P-bodies marked by arrows are magnified two times in insets. Bars represent 5 μm. (**D**) U1ΔSm-MS2 and U2ΔSm-MS2 were expressed in DIS3L2^KO+D391N^ cells, XRN1 was downregulated by siRNA and Flag-DIS3L2^D391N^ expression was induced by doxycycline. snRNAs co-precipitated with Flag-DIS3L2^D391N^ analyzed by RT-qPCR with primers specific to the MS2 tag. The amount of snRNAs precipitated after XRN1 knockdown was normalized to snRNAs precipitated from cells treated with negative control siRNA. Box plot shows three independent experiments.](gkaa301fig7){#F7}

Our results show that both DIS3L2 and LSm1 proteins interact with Sm ring-less snRNAs. To test whether different degradation machineries compete for snRNA substrates, we mapped the interaction of U1 and U2 ΔSm snRNAs with DIS3L2^D391N^ after downregulation of XRN1 (Figure [7D](#F7){ref-type="fig"}). In both cases, the knockdown of XRN1 increased immunoprecipitation of defective snRNAs with Flag-DIS3L2^D391N^, indicating that inhibition of a 5′→3′ degradation pathway redirects snRNAs to the 3′→5′ degradation machinery.

DISCUSSION {#SEC4}
==========

Cells utilize several control mechanisms to ensure that only properly assembled snRNPs reach the nucleoplasm and are embedded into the spliceosome. Results from human cell culture and yeast indicate that a failure of quality control negatively affects cell growth and splicing ([@B18],[@B59]). Here, we studied a cytoplasmic control mechanism that detects snRNAs without the Sm ring and directs them to P-bodies. We provide evidence that P-body targeting is independent of SMN complex components, but requires the LSm1 protein and likely the whole LSm1--7 ring, because deletion of LSm1 causes re-localization of other LSm proteins to the cell nucleus ([@B58]).

Deletion of the Sm site induces degradation of ΔSm snRNAs, indicating that human somatic cells are able to efficiently recognize and cleave defective snRNAs. This is in contrast *to Xenopus laevis* oocytes, where injected ΔSm snRNAs were stable for several hours ([@B24]). However, RNAs are generally more stable in oocytes, partially due to the low activity of enzymes involved in RNA degradation ([@B60],[@B61]), which might explain the discrepancy in snRNA stability between somatic cells and oocytes.

In search for the snRNA degradation machinery, we observed increased 3′ end uridylation of specifically snRNAs lacking the Sm site (Figure [5](#F5){ref-type="fig"}). Further analyses revealed that uridylated ΔSm U1 and U2 snRNAs are bound by the catalytically dead DIS3L2 mutant DIS3L2 (DIS3L2^D391N^) (Figure [6](#F6){ref-type="fig"}). These data provide direct evidence that at least a fraction of U1 and U2 snRNAs without the Sm ring are uridylated and degraded by the TUT-DIS3L2 surveillance pathway. DIS3L2 thus emerges as the key cytoplasmic 3′→5′ nuclease that degrades various non-coding RNAs, including short and defective snRNAs lacking the Sm ring (this study), read-through snRNA transcripts including snRNA pseudogenes, miRNAs and RNA polymerase III transcripts ([@B20],[@B51],[@B55],[@B62]).

However, the fact that ΔSm U1-MS2 snRNA was unstable in DIS3L2^KO^ cells indicates that alternative degradation pathways act to clear non-functional snRNAs. Human XRN1 has been suggested to degrade a truncated form of U1 snRNA, and ∼1.6-fold stabilization of U1 with mutated Sm site was observed upon XRN1 knockdown ([@B32]). Consistently, we observed partial stabilization of U1ΔSm-MS2 snRNA in DIS3L2^KO^ cells after XRN1 and DCP2 downregulation (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). In addition, downregulation of the SmB/B′ protein enhanced association of snRNAs with LSm1 (Figure [7](#F7){ref-type="fig"}), a protein involved in XRN1-mediated decay, which indicates a direct association between snRNAs lacking the Sm ring and XRN1-linked machinery ([@B63]). Together, these data indicate that XRN1 is involved in clearance of defective snRNAs.

However, even after the knockdown of XRN1 and DCP2, the amount of isolated U1ΔSm-MS2 snRNA was much lower than that of U1wt-MS2 (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Consistently, insertion of the XRN1-resistant sequence into U2ΔSm snRNA (U2ΔSm_xrRNA-MS2) did not significantly stabilize this snRNA ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). While we cannot completely exclude that the remaining XRN1 activity after siRNA treatment is still able to degrade ΔSm snRNAs, we speculate that alternative degradation pathway(s) and enzymes, e.g. the exosome, histone mRNA targeting ERI1 and the U6 snRNA processing enzyme USB1 ([@B35],[@B36],[@B66]), can fill in and cleave ΔSm snRNAs when DIS3L2/XRN1 are inactive. In addition, the 5′→3′ decay pathway plays a significant role in the cytoplasmic RNA decay, and other enzymatic activities such as the 5′-hydroxyl dinucleotide hydrolase and 5′→3′ exoribonuclease activity of the DXO/Rai1 family of enzymes may contribute to the snRNA surveillance ([@B67]).

What is the role of P-bodies in snRNA surveillance? Recent data suggest that P-bodies are not primary sites of mRNA degradation, but rather reservoirs for transcriptionally silenced mRNA ([@B65],[@B68]). Applying this concept to non-coding RNAs, the accumulation of defective snRNAs in P-bodies should not be viewed as a step toward their degradation, but rather as their sequestration from the cytoplasm to prolong a time window for assembly of the Sm ring. Consistent with this hypothesis, the Sm ring assembly machinery co-migrates to P-bodies with snRNAs after inhibition of Sm ring formation by either SmB/B′ knockdown (Figure [2](#F2){ref-type="fig"}) or microinjection of U2ΔSm snRNA (Figure [3](#F3){ref-type="fig"}). However, in contrast to previous suggestions ([@B7],[@B50]), our data indicate that defective snRNAs accumulate in P-bodies independently of SMN and Gemin5 proteins and rather suggest that the SMN complex piggybacks to P-bodies on snRNAs. Instead, we provide evidence that the LSm1 protein, and likely the whole LSm1--7 ring, is essential for P-body localization of Sm ring-less snRNAs. LSm1--7 proteins thus represent an important component of the snRNA surveillance pathway in the cytoplasm. We propose a model where snRNAs that fail to acquire the Sm ring are uridylated at the 3′ end and are either degraded by DIS3L2 (or alternative degradation machinery) or bound by LSm1--7 proteins and sequestered together with the SMN complex to P-bodies, where Sm ring formation can be completed or snRNAs are degraded by XRN1.
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